is work focuses on the water-montmorillonite interaction under variable atmospheric conditions in order to characterize the interlamellar space (IS) configuration for possible use in the context of geological barrier for radioactive and industrial waste confinement. Atmospheric stress is achieved by applying, for Na-rich montmorillonite, a water sorption/desorption constraint, created at the laboratory scale. is hydrological disturbance allows the "demolition" of the clay history and to highlight the clay hydrous performance. e structural analysis is achieved using modeling of XRD profiles, which allowed us to determine the optimal structural parameters describing the IS configuration along the c * axis. During the "in situ" XRD analysis, a sorption/desorption cycle is envisaged by variation of the relative humidity rate (%RH) from the saturated condition (94 %RH) towards extremely dry ones (2-3 %RH). Qualitatively, a new hydration hysteresis behavior of the "stressed" sample appears. Structural analysis achieved before and after perturbation allowed us to identify, respectively, the homogeneous hydration states, the hydrous transition domains, and the hydration heterogeneity degree. is latter parameter is characterized, quantitatively, by variable relative abundances of mixed-layer structure (MLS) population discerned over a wide explored RH range. Using the optimum structural parameter, the water molecule distribution versus the applied hydrous strain was quantified.
Introduction
e use of the smectite clay, like montmorillonite, as an canister envelope or as plugs or rock grout, in the context of geological barrier for industrial and/or radioactive hazardous waste confinement constitutes a green solution for severe environmental problems. In this regard, montmorillonite will be exposed to several environmental constraints (temperature cycle, extremely saturated conditions, high water pressure, etc.). Under these conditions, the clay-sealing ability is influenced, and two different scenarios can take place: (1) the crystal lattices may undergo permanent changes resulting in a largely reduced swelling and gel-forming capacity, and (2) the microstructure may become temporarily or permanently altered, which affects the cation exchange process [1] [2] [3] [4] [5] [6] [7] .
e crystal structure of smectite consists of two sheets of principally tetrahedral Si with minor Al sandwiched to the top and bottom of a layer of octahedrally coordinated cations, usually Al but with some Mg and Fe [8, 9] . Furthermore, isomorphic substitution causes internal negative charges in the lamellae. e negative charges are compensated by adsorption of ions near the external surfaces of the clay minerals.
e smectite group of clay minerals with 2 :1 layer structure is able to expand and contract its structures while maintaining its crystallographic integrity. Expansion takes place as water or some polar molecules enter the interlayer space [10] .
e layers expand because the exchangeable cations attract more water than the relatively small layer charge [11] . e swelling is characterized by a stepwise expansion of the layer-to-layer distance with increasing water activity. is expansion has been described by the incorporation of 1, 2, and 3 planes of interlayer H 2 O molecules, leading to the wellknown 1W (d 001 � 11.6-12.9Å), 2W (d 001 � 14.9-15.7Å), and 3W (d 001 � 18-19Å) hydration states, in addition to the dehydrated one, 0W (d 001 � 9.6-10.2Å) [12] .
e swelling of montmorillonite in various liquid systems has been investigated by several authors. ese studies have focused on many parameters that come into play during the chemical clay-environment interaction. Indeed, to evaluate the mechanisms causing changes in the soil structure, Kaya and Fang [13] show that the physicochemical properties (i.e., cation exchange capacity (CEC), zeta potential (ζ), surface charge density, pore-size distribution, and Atterberg limits) of kaolinite, bentonite, and a local soil as the dielectric constant of the pore fluid change, such that as the dielectric constant of the pore fluid approaches that of the soil, the repulsive and attractive forces diminish. Smectite hydration and interlayer structure have been widely studied from both experimental and computational methods, mainly using X-ray diffraction (XRD) and some theoretical methods [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . e studies [20, 32] show that hydration of swelling clays increases their basal spacing stepwise. Dazas et al. [31] investigate, under near-saturated conditions, the interlayer structure model of trihydrated lowcharge smectite by X-ray diffraction and Monte Carlo modeling method. Oueslati et al. [29] characterize, using quantitative XRD analysis, the effect of the chemical composition of the soil solution on the structural change of Na-montmorillonite materials. On the contrary [30, 33] , they investigate the effect of an environmental constraint, created in situ by varying the relative humidity rate, on the cation exchange performance and the structural changes of Na-montmorillonite in contact with Cd 2+ , Co 2+ , Zn 2+ , Ni 2+ , and Ba 2+ chloride solutions. Within this scope, and in extension with earlier works, this study is aimed at quantifying using the XRD modeling approach, the effect of an in situ applied hydrous perturbation on the hydration behavior and the structural changes of the most used host material in the earlier studies (i.e., the Naexchanged montmorillonite). e structural parameters were determined by quantitative XRD analysis using an indirect method based on the comparison of the experimental 00l reflections with those calculated from structural models. is investigation allowed us to determine, respectively, the nature, amounts, position, and organization of exchangeable cations in the interlamellar space, along the c * axis.
Materials and Methods

Starting Materials.
e dioctahedral smectite used in this work is a reference montmorillonite sample (SWy-2) from the Source Clays Repository of e Clay Minerals Society [34] . e host material is characterized by a half-cell structural formula as follows [35] 
is clay mineral represents a major octahedral charge and exhibits an extremely limited substitution in the tetrahedral sheets where the cation exchange capacity (CEC) is 101 meq/100 g [36] . In order to guarantee a maximum dispersion, a preliminary treatment for the host materials is performed.
e Na-rich montmorillonite suspension is prepared according to a classical protocol [37] . e obtained sample is referred to as SWy-2-Na.
Hydrous Perturbation.
In order to achieve an atmospheric constraint (i.e., desorption process), a starting material suspension is placed in a sand bath at 50°C for 24 h to ensure a complete drying process. is sample undergoes a second humectation route (sorption process) by excessive addition of water followed by a moderate agitation. ese two steps are repeated 50 times to ensure the destruction of the sample hydration history which is a principal parameter affecting its probable long use in the context of geological barrier.
XRD Measurements.
For all samples, oriented slides were prepared by drying at room temperature an aqueous clay suspension on glass slides. XRD patterns were then recorded using a Bruker D8 diffractometer equipped with an MHG Messtechnik humidity controller coupled to an Anton Paar CHC+ chamber. Experimental XRD patterns were registered every 3 %RH scale at the fixed relative humidity condition values. Intensities were measured with a SolXE Si(Li) solid-state detector (Baltic Scientific Instruments) for 4 s per 0.04°2θ step over the 2-32°2θ Cu-Kα angular range. e divergence slit, the two Soller slits, the antiscatter slits, and the resolution slits were 0.3°, 2.3°, 0.3°, and 0.1°, respectively. e samples were kept at 23°C in the CHC+ chamber during the whole data collection. e samples were kept also under a constant flow of mixed dry/saturated air to maintain the desired relative humidity (RH) after an initial equilibration. RH was continuously monitored with a hygrometer located close to the sample. To carry out the adsorption cycle, the RH value extended from 4% to the almost saturated condition (94 %RH). e reverse cycle (i.e., desorption) is accomplished by varying the moisture values in the opposite direction starting the dehydration process from 94 %RH and decreasing towards extremely dry ones (4 %RH).
Semiquantitative XRD Investigation.
e diffractometer installation is monitored by DIFFRACPlus software (Bruker AXS GmbH, Karlsruhe, Germany) which allowed the calculation of qualitative parameters such as the basal spacing d 001 from the first-order (001) Bragg reflections; the FWHM (full width at the half maximum intensity for the 001 reflection) and the rationality of the reflection position (ξ) related to the 00l reflections [38] .
e combination of semiquantitative parameters with the profile geometry description (i.e., symmetric and asymmetric X-ray peaks) provides preliminary information about the hydration state evolution all over the explored RH range.
Quantitative XRD Investigation.
e XRD modeling method is widely used to quantify hydration properties of smectite as a function of relative humidity [12, 13, 24-30, 33, 39, 40] . is indirect method consists of adjusting the experimental patterns by fitting positions and profiles of the 00l reflections over the explored angular range. eoretical XRD patterns are calculated using the algorithms developed 2
Advances in Materials Science and Engineering in [41] and detailed later in [42] . e abundances of the diverse layer types (W i ), the mode of stacking of the di erent kinds of layers, and the mean number of layers per coherent scattering domain (CSD) are determined through XRD pro le modeling. Within a CSD, the stacking of layers is described by a set of junction probability parameters (P ij ). e relationships between these probabilities and the abundances W i of the di erent types of layers are given in [41] . All XRD pro les are simulated following the tting strategy detailed in [24, 25] , where the authors reproduce the experimental XRD pattern using various contributions to obtain a good t, when it is not obtained with a unique periodic structure. Each contribution contains di erent layer types in variable proportions. However, the use of two or more mixed-layer structures to t all features of experimental XRD patterns does not imply the actual presence of two or more populations of particles in the sample as discussed below. As a consequence, layers in the same hydration state as those present in the di erent mixed-layer structures must have identical properties at a given RH value. Each given layer type was thus assigned a unique chemical composition, a unique layer thickness value, and a unique set of atomic coordinates for all mixed-layer structures at a given RH. A detailed example of an experimental XRD pro le modeled using three MLSs containing (97%-1W, 3%-2W), (30%-0W, 70%-1W), and (70%-1W, 30%-2W), respectively, is reported in Figure 1 .
Results
Unstressed Sample
Qualitative XRD Analysis
(1) Sorption Process. For the starting materials, the evolution of the experimental XRD patterns versus %RH, reported in the Figure S1 , shows a signi cant uctuation of the position and intensity of the investigated 00l re ection along the hydration process. An additional re ection attributed to the Halite crystallization is present in up to 60 %RH. e qualitative investigation of the d 001 value evolution, the FWHM, and the ξ parameters versus %RH (Figure 2 ) indicates heterogeneous hydration behavior for the transitional hydration state domain. is character is con rmed by the obtained high value of the cited parameters [29] . Based on this criterion, three principal transitional hydration domains along the sorption process can be reached and situated, respectively, between 10 and 34 %RH for 0W-1W, 49 is evolution presents characteristic levels of almost homogeneous hydration states of hydration (3W, 2W, and 1W). Furthermore, there are transition regions 3W → 2W, 2W → 1W, and 1W → 0W, which are characterized by experimental pro les with an asymmetric di raction line shape and an irrationality of the re ection positions, indicating probably a possible interstrati ed hydration state ( Figure S2 and Figure 2) . By comparing the widths (as a function of %RH) of the transition domains along the sorption and desorption processes (Figure 2 ), an o set is shown for 2W → 1W and 1W → 0W transitions.
Indeed, the 2W → 1W transition starts from 52 %RH and ends at 34 %RH, which is the RH value where the same transition ends during the sorption process. Similarly for the 1W → 0W transition, which starts from 13 %RH and ends at 4 %RH, there is a large o set to the hydration process whose 1W → 0W transition starts at 13 %RH and ends at 34 %RH.
is hydrous behavior shows the existence of hydration hysteresis reported in Figure 2 . Also, during the desorption process, the absence of the pure dehydrated phase (0W), despite having reached the limit of 4 %RH, is noted.
In order to decode the insertion/disengagement mechanism of IS water molecules, this result can be explained by a freedom degree decrease for all the constituents inside the IS, which complicate the water molecule release process.
is fact can be interpreted by a transformation of the free water from the surrounding environment into structural 2θ Cu-Kα (degree) * * Figure 1 : Example of an experimental XRD pro le modeled using three MLSs containing (97%-1W, 3%-2W), (30%-0W, 70%-1W), and (70%-1W, 30%-2W), respectively. * Halite (NaCl) complex, * * the 001 line is recorded twice time in order to check the sample balance with its environment.
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water, incorporated in the internal and external pore surfaces, which complicates its loss by dehydration. e investigation of FWHM and ξ parameter shows the di erence between the two processes for the transitions 2W → 1W and 1W → 0W (Figure 2 ). is problem does not arise for the 3W → 2W transition if we want to compare it with the 2W → 3W transition along the hydration process. Indeed, in this case, the high %RH value induces an elevated amount of water present in the IS; thereafter, the existence of a large fraction of water considered as "free water" will facilitate the process of dehydration.
Quantitative XRD Analysis (1) Sorption Process.
e hydration behavior obtained from the qualitative XRD analysis is re ned by the quantitative analysis in order to quantify the clay "particle" composition.
e obtained best agreements between experimental and calculated intensity are reported in Figure S1 , where a selection in the presentation was made in order to view areas with large uctuations in the basal spacing value. All structural parameters used to t experimental pattern are reported in Table 1 and Figure 3 .
e distribution of water molecules in the theoretical model respects the results published in the literature [24, 29] . Indeed, for the 1W hydration state, one water sheet is located in the middle of the IS at the same position as the exchangeable cation. For the 2W hydration state, two water sheets are distributed on both sides of the middle of the IS. For the 3W hydration state, the exchangeable cation "bathes" in 3 water sheets superimposed along the c * axis. , and ξ parameters (c) versus %RH in the case of the unstressed sample along the sorption and desorption processes. e ξ parameter, which accounts for the departure from rationality of the 00l re ection series, is calculated as the standard deviation of the l × d 00l values calculated for the X i measurable re ections (X i 3 in this case) over the 2θ Cu-Kα angular range (degree). Blue and yellow circles indicate interstrati ed hydration character (I) and homogeneous hydration character (H).
During the hydration process and for RH up to 43%, the experimental profile is reproduced by interstratification between the 0W and 1W phases with variable proportions, indicating the absence of a mono-homogeneous phase at 0W for humidity below 13 %RH (Figure 3 ).
On the contrary, an introduction of an R1 stacking mode type is noted at 13 %RH, which is consistent with the variation of the FWHM and ξ parameters.
e first appearance of the 2W phase begins at 46 %RH and maintains a heterogeneous hydration state between 3 layer types (0W, 1W, and 2W) up to 58 %RH, where the structure is reproduced using a random distribution between the three mentioned phases. From 61 %RH, the contribution of the 0W phase disappears, and the experimental profile is completely reproduced by a combination of the 1W and 2W phases up to 76 %RH, where a minority phase related to the 3W hydration state is introduced.
is combination continues up to 91 %RH, and then the 1W phase contribution disappears and the structure is completely modeled by 2W and 3W layer types. It should be noted that, at 94 % RH, the experimental diffractogram is reproduced by a majority 3W phase and the sample retains its interstratified character, which is in contradiction with the qualitative description mentioning a homogeneous phase. In contrast to the qualitative analysis, the quantitative analysis allowed us to show the existence of structural heterogeneities related to the coexistence of populations of several layers within the clay particle over the whole explored RH range.
(2) Desorption Process. For the desorption sequence and by decreasing humidity values up to 64 %RH, the experimental profile is modeled by a distribution of the two phases, Note: 3W, 2W, 1W, and 0W are attributed to the layer hydration state. n H 2 O : the number of H 2 O molecules per half unit cell is fixed to 2.5, 5.6, and 6.1, respectively, for 1W, 2W, and 3W. Z Na : the position of exchangeable cations per half unit cell calculated along the c * axis is fixed to 8.30Å, 9.50Å, 11.25Å, and 12.60Å, respectively, for 0W, 1W, 2W, and 3W hydration state. n Na : the number of H 2 O molecules per half unit cell is fixed to 0.33, indicating full saturation of the cation exchange capacity (CEC) of the minerals.
* R, Reichweite factor; R0 and R1 describe the MLS with random interstratifications or with partial segregation; M: the average number of layers per particle; P AA : layer succession law.
respectively, 3W and 2W. e basal distances and the proportions of the phase contributions used indicate a transition to the 2W hydration state. From 61 %RH and up to 58 % RH, the experimental pro le is fully reproduced using segregated three phases mixed randomly. From 55 %RH and up to 34 %RH, the 3W phase disappears, which means a high retention of the water content, despite the relatively low RH and the absence of a sudden transition. At this humidity range, the structure is reproduced by a 2W/1W mixed structure. e rst appearance of the 0W phase is obtained at 31 %RH, and its contribution in the theoretical model continues to increase as a function of the decrease in the RH rate. It should be noted that, for humidity ranging from 40 to 16 %RH, layers are stacked with random distribution, and from 13 %RH, a partial tendency to segregation governs the stacking mode (Table 2 and Figure 4 ).
Stressed Sample
Qualitative XRD Description
(1) Sorption Process. From a macro point of view, the hydration behavior similar to that of the unstressed sample is observed in the case of the sample having undergone 50 drying/wetting cycles. Indeed, the d 001 basal spacing value goes from 9.86Å at 4 %RH relative to the 0W phase to 18.47 at 94 %RH, indicating a highly hydrated specimen (3W) ( Figure S3 ). But the difference in behavior between the two hydration samples lies in the mechanism and the path followed during the swelling process. Indeed, for the stressed sample, the absence of homogeneous hydration levels characterized by homogeneous phases at 1W and 2W is noted. e evolution of experimental XRD patterns shows a 0W-2W transition over a wide range of humidity that starts at 16 %RH and ends at 70 %RH. is behavior is not observed in the case of the unstressed sample. e second difference is the absence of a homogeneous 3W phase for the maximum used RH values and the shift of the RH range for the homogeneous 2W phase. However, the hydration evolution versus %RH can be described by three main steps: (i) a logic starting from the 0W hydration state, (ii) a transition from 0W to 2W passing through an ephemeral 1W state, and (iii) an incomplete transition from 2W to 3W for high RH rates. e exploitation of the calculated values of FWHM and ξ, reported in Figure 5 , confirms the interstratified character observed during the 0W-2W and 2W-3W transitions. Indeed, a maximum of the FWHM value and ξ parameters is obtained for two ranges of humidity, respectively, that is, from 16% to 70 %RH and from 88% to 94 %RH. e homogeneous 0W and 2W hydration phases are characterized by low values of the abovementioned two parameters.
(2) Desorption Process. e evolution of experimental XRD patterns along the desorption process is shown in Figure S4 . Along the explored RH range, a transition from an interstratified 3W hydration state to an interstratified 0W phase, characterized by an asymmetric 00l reflection with irrational positions, is observed ( Figure 5 ). e followed dehydration way differs from that adopted during the hydration process indicating the appearance of a hydration hysteresis phenomenon. Depending on the RH value, during the dehydration sequence, two hydration levels related, respectively, to the homogeneous phases 1W and 2W appear. e investigation of the FWHM and ξ parameters ( Figure 5 ) allowed us to identify the interstrati ed type of the obtained phases during the dehydration process. Indeed, from 91 %RH and up to 82 %RH, a fast 3W-2W transition with the absence of a purely trihydrated phase is observed. e homogeneous 2W phase begins at 79% and ends at 64 %RH. By comparing this result to that observed in the case of the "unstressed" sample, a decrease in the width of the RH range over which it is spreading is noted. is RH shift is probably attributed to an instability in the IS conguration or the easy release of the IS water molecule, due to RH value uctuations. Indeed, from 61 %RH and up to 31 %RH, the evolution of the d 001 basal spacing value indicates a slow progressive 2W-1W transition that can be interpreted as a small loss of interlayer water content. e 1W homogeneous state is observed over a very short RH range compared to the "unstressed" sample whose 1W level started at 31 %RH and reached 16 %RH.
is result is consistent with the above, especially since a 1W-0W transition starts a bit early (from 23 %RH), which is not the case for the unstressed sample. e evolution of the di erent parameters from the qualitative analysis as a function of the %RH variation is reported in Figure 5 . Several di erences appear between the hydration and dehydration mechanisms obtained for the "stressed" sample. Whatever be the orientation of the hydration sequence and based on the low values of FWHM and ξ, only the homogeneous 2W state exists and a short and near-homogeneity is observed for the 1W state. On the contrary, an absence of the homogeneous 3W state, obtained in the case of the unstressed sample, is noted. e hysteresis e ect ( Figure 5 ) is present during both cycles, indicating a swelling behavior depending on the environmental conditions. e observed uctuations, in terms of %RH width, the absence of homogeneous hydration domains, and characteristic phases of extreme RH conditions (4% and 94 %RH), con rm the major interstrati ed character observed for the "stressed" sample during the sorption/desorption sequence. e evolution of the two parameters FWHM and ξ made it possible to determine a limit of homogeneity and/or heterogeneity of hydration and to con rm the geometric anomalies observed on the experimental XRD pro les. 
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In general and for both sorption and desorption mechanisms, the "stressed" sample has more hydration heterogeneities than the "unstressed" sample. e interpretation of this result can be completed only after a quantitative analysis which makes it possible to quantify the abundances of the phases present in the structure and the contents of the IS.
Quantitative XRD Analysis
(1) Sorption Process. e obtained results deduced from the qualitative analysis are re ned by quantitative analysis in order to quantify the composition of the clay "particle." All structural parameters used to model experimental XRD patterns are shown in Figure S3 and are summarized in Table 3 and Figure 6 . Contrary to the results obtained during the qualitative analysis, concerning the homogeneous 0W and 2W hydration phases, the quantitative analysis shows the absence of any hydration homogeneities along the sorption process. In fact, for a humidity ranging from 4% to 37 %RH, the experimental pro les are reproduced by a 0W/1W mixture with variable abundances. e investigation of junction probabilities and the succession law between layers indicates a major segregation trend (R1). Also, qualitatively, the 2W transition starts at 52 %RH, which is not really the case since the introduction of a 2W layer "population" is done quantitatively at 40 %RH and the system (i.e., crystalline particle) is totally reproduced by 3 layer types (i.e., 0W, 1W, and 2W). is con guration does not exclude the 0W phase (which is in complete disagreement with the qualitative description), the contribution of which persists in the di racted intensity, even for very high values of humidity. e three layer types are stacked with a segregation tendency.
At 34 %RH, the decrease of the average number of layers per half unit cell is due to hydration transition domain. is Advances in Materials Science and Engineeringdecrease in the M parameter is quantitatively reflected by diversity and a maximum number of MLSs present in the proposed theoretical model. e elevated heterogeneity degree is confirmed from 61 %RH, where the experimental profile is totally reproduced by 4 theoretical distributions (0W, 1W, 2W, and 3W). is combination of "population" is up to 76 %RH.
is result is probably due to a hard exfoliation mechanism of the IS under the effect of the constraint created by the drying/wetting stress.
From 79 %RH and up to 91 %RH, the 0W phase disappears and the system is reproduced by 3 phases only. At 94 %RH, the 1W phase disappears and the homogeneous 3W hydration state is never reached; however, the experimental profile is reproduced by a distribution between two phases (2W and 3W) stacked with a segregation tendency.
Physically, the existence of these hydration heterogeneities, in the quantitative analysis, agrees with the results of the qualitative analysis, indicating an increase in the values of FWHM and ξ on the same humidity range.
(2) Desorption Process. All structural parameters resulting from the quantitative analysis are summarized in Table 4 and Figure 7 . In addition to the absence of the homogeneous hydration state over the entire explored RH range and contrary to the results of the qualitative analysis, the water molecule release is done in a progressive and continuous manner in the absence of any specific level. Indeed, from 94% up to 73 %RH, the experimental profiles are reproduced based on an arrangement of 2W and 3W phases stacked with a segregation tendency in the majority of cases. is result contradicts with the qualitative analysis which assumes a homogeneous 2W phase starting at 79 %RH and ending at 64 %RH. From 70 %RH, the 1W phase is introduced in the MLS, and up to 52 %RH, the structure is fully reproduced by three layer types. At 49 %RH, the transition 3W-2W is achieved and a disappearance of the 3W phase is noted. e system is modeled using random distribution of 1W and 2W phases up to 46 %RH. e 0W phase is introduced, with minor proportions, in the MLS from 43 %RH and continues its progression in terms of abundance up to 4 %RH. At 25 %RH, the total disappearance of the 2W phase indicates the end of the 2W-1W transition.
e proposed MLS raises the ambiguity of the 3W-2W, 2W-1W, and 1W-0W transition zone limits, observed during the qualitative analysis, and precisely determines the boundaries of these transitions, despite the existing overlaps. Indeed, transition zones are characterized by asymmetry in the shape of characteristic reflections and irrational positions, and modeling has allowed a more in-depth description of hydration heterogeneities linked to these zones. e absence of a clean transition zone has been shown whatever being the RH value.
During the desorption process, the 2W phase persists up to 25 %RH, and the 1W phase endures even at 4 %RH, indicating probably the hard water molecule release mechanism for the "stressed" sample. is behavior results from the effect of the applied constraint.
Discussion
Water Molecule Distribution and IS Configuration.
During the sorption/desorption cycle, the correlation of the results from the qualitative and quantitative XRD analyses allowed us to quantify, with precision, the composition of the clay particle studied and the contents of the IS of each type of layer. e observed fluctuations of the d 001 basal spacing as a function of %RH are related to the variation of the water molecule amounts present in the IS. e coexistence of different hydration states, which is an omnipresent character regardless of the constraint, is probably due to a complex insertion/release water molecule mechanism.
is process remains unexplored with conventional analysis methods. e results, obtained from XRD modeling, can provide answers on the evolution of the interlamellar water abundances and their organization inducing an adequate description of the evolution of the layer thickness, according to the variation of the surrounding humidity. e evolution of the theoretical water molecules (n H 2 O ) abundance (Figure 8) , resulting from the different layer-type populations versus %RH, for the unstressed and stressed samples takes the form of a hydration hysteresis.
is behavior is consistent with the results obtained by Oueslati et al. [30] , who demonstrate the hysteresis material response, after external solicitation. e obtained hysteresis can be divided into three main sections, respectively, I, II, and III, as a function of the value of %RH. In fact, section I starts at 4 %RH and finishes at 37 %RH, section II is spread over the 40%-82 %RH range, and finally, section III starts at 85 %RH and ends at 94 %RH. 
Section I.
For the low %RH value and until 37 %RH, a same evolution of the water molecule amount, for the unstressed and stressed samples, is noted and the variation of the environmental constraint (i.e., 50 drying/wetting cycles) does not a ect the water retention mechanism. Quantitatively, this domain is totally described, at maximum, by 1W phases which are characterized by a relatively small layer thickness and a quite limited interlayer water amount.
is condition imposes a restricted geometrical con guration of the IS (exchangeable cation + one water sheet) inducing a minimum freedom degree.
Section II.
Within this section, there is a maximum water amount uctuation and the sample has a high sensitivity to the applied atmospheric stress. Indeed, the decrease in the hysteresis thickness, for the stressed sample, indicates a signi cant variation in the water loss process as a function of %RH during the desorption sequence. is section can be divided in two speci c phases, mentioned, respectively, (1) and (2), in blue in Figure 8 . e di erence between the two phases appears essentially on the curves relating to the desorption sequence.
For the phase (1), the starting sample is characterized by a hydration level with an average of n H 2 O > 6, whereas the stressed sample has a pseudolevel at n H 2 O 5.2. In addition, the bearing relative to the starting sample is spread over a wide humidity range from 82 %RH to 55 %RH (∼27%), which is not the case for the stressed sample with a fairly narrow range from 82 %RH to 67 %RH (∼15%).
For the phase (2), there is a gradual and continuous decay for both samples but still keeping the o set in the number of water molecules. is behavior can be interpreted by the hypothesis of the transformation of a fraction of the "free" IS water into "structural" water, under the e ect of the drying/wetting constraint, inducing a reduction in the number of vacant sites on the internal surfaces of the tetrahedral sheet and necessarily a decrease in the number of inserted water molecules. At the macroscopic scale, this means that, in the case of the "unstressed" sample, a water retention capacity is higher than that of the "stressed" one.
Section III.
From 85% towards 94 %RH, a maximum water molecule abundance is reached and the same hydration/dehydration way is observed for the two studied samples. is can be explained by the same principle as for Section I. Indeed, at the 3W layers hydration state, the interlamellar space is completely saturated by the geometric arrangement of the water sheets and the exchangeable cations. e stereographic con guration and the condition imposed by the physical interactions that govern the nature and arrangement of the chemical species present a constraint which limits the hydration behavior changes despite the external applied atmospheric constraint.
Hydration State Discretization.
e ability of smectites to incorporate interlayer H 2 O molecules and the subsequent change in d 00l have been studied for several decades. ese observations suggested several possible models where crystalline swelling is controlled by the balance between the repulsive force owing to 2 : 1 layer interactions and the attractive forces between hydrated interlayer cations and the negatively charged surface of siloxane layers [43] [44] [45] [46] . Few studies have taken into account the coexistence of di erent hydration states using the XRD pro le modeling approach (with 0 to 3 planes of interlayer H 2 O molecules) [47] [48] [49] [50] . More recently, the studies [51, 52] re ned this approach by tting the 00l re ections over a large angular range and showed that randomly interstrati ed structures, each containing di erent layer types, coexisted in their montmorillonite samples. Ferrage et al. [24] investigate the distribution of interlayer water in bihydrated smectite from X-ray di raction pro le modeling of 00l re ections where they propose a new conguration for the interlayer structure of bihydrated smectite. ey focused on the montmorillonite hydration properties by modeling experimental X-ray di raction patterns recorded under controlled relative humidity (RH) conditions. Indeed, the humidity rate varies with an increment of ∼20%, and it is an understandable view that the purpose of the work was to study the hydration heterogeneities in the case of several exchangeable cations. ey show the systematic coexistence of smectite layer types exhibiting contrasting hydration states and a heterogeneous character for smectite hydration. is heterogeneity is characterized qualitatively using the uctuation of FWHM and (ξ) parameters. is rule is used after that in [29, 30] to de ne hydration heterogeneities. Several rules deduced from the work of [25] are respected in this paper, and some results related to structural parameters such as position and amounts of exchangeable cations and the use of the MLS are in perfect concordance.
is work focuses on the discretization of the water retention mechanism, using the XRD pro le modeling approach, when an external hydrous strain is applied in the case of Namontmorillonite.
e choice of the external environmental constraint (i.e., 50 drying/wetting cycles), the relative humidity variation steps (∼3 %RH), and the realized limit of the extreme conditions (i.e., from 4 %RH to 94 %RH) make this work a fundamental study in order to understand the interlamellar water amount uctuation. Indeed, the localization of the hydration transition region is accurately de ned, and the hydration heterogeneities, related to the presence of more than one layer type, can be quantitatively explained. Among the strong keys of this work is the overall characterization of the abundance limits, of the dehydrated phases (0W) and the extremely hydrated phases (3W), along the sorption/desorption sequence. Indeed, after 50 drying/wetting cycles, the dehydrated and the extremely hydrated phases are more present in the stressed sample than the host material ( Figure 9 ). is con guration is probably due to a chemical and electrostatic equilibrium change in the interlamellar space.
is change is explained by a possible adjust in the internal surface of the interlayer space following sorption/desorption cycles. Subsequent to the excessive repetition of the insertion/release water process in the starting materials, a water molecule residue has been incorporated in the internal structure which subsequently reduces the vacant site proportion inside the interlamellar space and a ects its initial "function" after that (i.e., the cation exchange capacity (CEC)). By examining the evolution of the 1W and 2W abundances ( Figure 9 ) versus %RH, a similar variation is observed for the stressed and the unstressed samples.
It remains to note that the 1W phase never reached the maximum abundance in the case of the stressed and unstressed samples. However, the 1W phase is the layer type mostly present along all the relative humidity scales. is result is interpreted by the transitional character of the 1W hydration state explained by a structural interlamellar space change with a permanent presence of the interlamellar water molecules regardless of %RH rates. e 1W phase can be considered as a transitional hydration state support. In terms of heterogeneities, a trend towards homogeneity is noted for both hysteresis terminals, whereas a heterogeneity tendency is noted for the transitional areas.
Conclusion
e XRD pro le modeling of the 00l re ections allowed us to characterize the structural changes along the c * axis of the SWy-2-Na sample before and after application of the atmospheric stress. e obtained results are as follows:
(i) A new hydration behavior of the "stressed" sample described by uctuations in the hydration hysteresis as a function of the RH rates. (ii) e application of the sorption/desorption process by "in situ" variation of the %RH, before and after applying the constraint, made it possible to identify the homogeneous hydration states and the hydration transition zones, which are characterized by a high heterogeneity degree. (iii) Structural heterogeneities are characterized by an elevated MLS number. Indeed, two possible con gurations of IS contents, 0W/1W/2W and 1W/2W/3W, with variable relative abundances, are discerned over a wide explored RH range.
(iv) Iteration of the insertion/release phenomenon of the water molecules, during drying/wetting cycles, induces an increase in the relative abundance of the 0W and 3W population at the expense of the abundances of the 1W and 2W phases. is result explains the limits observed during the sorption/desorption process in the case of the stressed sample.
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e sorption sequence by increasing %RH: 4-25 %RH (a), 28-49 %RH (b), 52-73 %RH (c), and 76-94 %RH (d). For all XRD patterns, the intensity is arbitrary. e theoretical decomposition of the experimental patterns (blue, red, and green) is on the left.
e obtained best agreement is on the right. For each %RH value, the 001 line is recorded twice (in black) in order to check the sample balance with its environment.
* Halite (NaCl) complex. Figure S2 : best agreement obtained between experimental (black) and modeled (red) XRD patterns in the case of the SWy-2-Na sample versus %RH. e desorption sequence by decreasing %RH: 94-70 %RH (a), 67-46 %RH (b), 43-25 %RH (c), and 22-4 %RH (d). For all XRD patterns, the intensity is arbitrary.
e theoretical decomposition of the experimental patterns (blue, red, and green) is on the left. e final best agreement is on the right. * Halite (NaCl) complex. 
